Pervasive allelic variation at both gene and single nucleotide level (SNV) between 25 individuals is commonly associated with complex traits in humans and animals. Allele-specific 26 expression (ASE) analysis, using RNA-Seq, can provide a detailed annotation of allelic 27 imbalance and infer the existence of cis-acting transcriptional regulation. However, variant 28 detection in RNA-Seq data is compromised by biased mapping of reads to the reference DNA 29
Introduction
Australia and New Zealand (Daetwyler et al., 2010) . 100
Using the methodology we describe, for mapping bias correction and robust positive 101 ASE discovery, we were able to profile pervasive allelic imbalance across tissues and cell 102 types, at both the gene and SNV level, in Texel x Scottish Blackface sheep. We analysed a 103 subset of total RNA-Seq libraries from liver, spleen, ileum, thymus and bone marrow-104 derived macrophages (BMDM) (+/-) lipopolysaccharide (LPS), from six individual adult 105 cross-bred sheep to produce a detailed picture of allelic imbalance in immune-related tissues 106 and cell types. We chose to focus this analysis on immune related tissues in part because of the 107 depth of available sequence in those tissues, and in part because they contain abundant immune 108 cell populations. The diversity of cell populations is reflected in the transcriptional complexity 109
of immune tissues and cell types in the sheep gene expression atlas dataset (Clark et al., 2017; 110 Bush et al., 2018). As such this subset of tissues gave us a transcriptionally rich dataset in 111 which to measure ASE. We also included BMDMs stimulated and unstimulated with LPS to 112 mimic infection with Gram-negative bacteria, in order to test whether ASE changed in response 113
to stimulation with LPS in these cells. By measuring ASE in these tissues and cell types from 114 sheep we were able to: i) provide insight into how pervasive ASE is across tissues at the gene 115 and SNV level, ii) generate tissue-specific ASE profiles, iii) investigate sex-specific patterns 116 of ASE, and iv) determine the extent to which ASE changes in response to stimulation with 117 LPS in an immune cell type. This novel analysis of the multi-dimensional sheep gene 118 expression atlas dataset provides a foundation for further analysis of the regulatory and 119 expressed elements of the genome that are driving complex traits in sheep. 120 121 Methods 122 123
Sample preparation and RNA extraction 124 125
Data from three male and three female Texel x Scottish Blackface (TxBF) sheep from 126 the sheep gene expression atlas project (Clark et al., 2017) were used in this study. The dataset 127 including: 2 cell types (BMDMs (+/-) LPS) and 4 tissues (thymus, spleen, liver and ileum).
128
Tissue collection, storage and RNA extraction is described in (Clark et al., 2017 ). BMDM's 129 were cultured in vitro for 7 days in the presence of macrophage colony-stimulating factor 130 (CSF1 (10 4 U/ml) and unstimulated (0 hrs -LPS) and stimulated (7hrs +100ng/ml LPS) 131 samples of BMDMs were obtained also as described in (Clark et al., 2017) . A total of 2 samples 132
(1 thymus and 1 spleen) did not pass the RNA quality control (RNA integrity number (Mueller 133 et al., 2004) ; RIN <7) and were not included in the sheep gene expression atlas. Library 134 preparation was performed by Edinburgh Genomics (Edinburgh Genomics, Edinburgh, UK).
135
All total RNA Illumina TruSeq libraries (125bp paired end) were sequenced at a depth of > 136 100 million reads per sample. 137 138
Reference mapping bias removal 139 140 BAM files from RNA-Seq data, were previously mapped to Oar v3.1 top level DNA 141 fasta track, using HISAT2 as described in (Clark et al., 2017 showed consistent allelic imbalance in all spleen samples.
290
In summary, analysis of ASE across immune related tissues revealed there were a small 291 number of genes that were shared across tissues. ASE signatures instead tended to be tissue-292 specific, within the sub-set of tissues investigated in this study.
294
Individual-specific ASE signatures 295 296
In order to investigate whether ASE profiles were either shared across all six sheep or 297 private to individual sheep we used intersectionality (Fig.5 ). Each tissue was investigated 298 separately. A number of private (to each individual) ASE genes were detected for each tissue, 299 ranging from: 31-123 in ileum (Fig.5A ), 24-80 in liver (Fig.5B ), 21-83 in spleen ( Fig.5C ) and 300 31-66 in thymus (Fig.5D ). Some of the shared sets of ASE genes in these tissues were specific 301 to either male or female sheep, these sex-specific ASE signatures are described in Fig.5 In summary very few ASE genes were shared across all sheep and the majority of ASE 324 profiles were private to each sheep. Sex-specific ASE signatures were also detected but due to 325 the small sample size (n=3) in both cases these should be interpreted with caution. 326 327 ASE in stimulated and unstimulated BMDMs (0hrs vs 7hrs +LPS) 328 329
We examined inducible ASE after 7 hrs of exposure to LPS in BMDMs using the ICD 330 mode of GeneiASE (Edsgärd et al., 2016) . A comparison of LPS inducible ICD-ASE genes 331 and the genes with background static ASE at 0 and 7 hr time points, was also performed. We 332 first assessed whether differences between 0 and 7 hours could be observed using analysis of 333 static ASE. Individual-specific ASE profiles and a limited number of shared ASE genes were 334 also observed in BMDMs. The total number of genes with static ASE in the BMDMs is shown 335 in dataset. These SNVs were tested for association with LPS treatment and only 4 SNVs showed 366 a strong association (FDR < 1.0e-8) and 12 SNVs had an FDR between 1.0e-02 and 1.0e-08 367 (Fig.7) . The highest F-statistic was at rs430667535Chr17 Pos:50485358T>C, a synonymous 368 variant in ubiquitin C (UBC), a polyubiquitin precursor, and also an intronic variant T>C or 369 A>G in pro-apoptotic BRI3 binding protein (BRI3BP genes in sheep thymus 134 ASE genes were captured. The differences in the numbers of genes 437 exhibiting ASE between the two studies are likely to be a consequence of the filtration criteria 438 applied, the exclusion of MAE, and species-specific differences between sheep and cow.
439
Results from a more recent study in goat (Cao et al., 2019) more closely reflect our findings.
440
They apply similar filtration criteria to our workflow and discovered 144 ASE genes in liver in 441 comparison to 123 in our sheep liver sets (averaged across 6 sheep). Other recent studies 442 including those focusing on production relevant tissues, such as muscle (Guillocheau et sire) is rarely used in the UK sheep industry and as a consequence has limited relevance to 480 production.
481
Our approach also excludes mono-allelic expression. The minimum filtration criteria 482 utilised in our workflow along with the reference mapping bias removal step ensures an 483 unbiased ASE discovery in the transcriptome by excluding the ambiguity surrounding MAE 484
variants. This form of analysis is based on the principle that absence of evidence (reads) for 485 either allele of a heterozygote site does not directly amount to evidence of their absence i.e.
486
MAE. The pattern of ASE (ratio of Alt/Ref+Alt) is dependent on the bi-allelic expression of 487 loci within the genomic coordinates of the gene or genomic element of interest. For an ASE 488 effect to be captured by the GeneiASE model, the following criteria must be met: i) Biallelic 489 expression of the locus; ii) Min depth criteria for each allele (min 3 reads , total 10 reads at that 490 site and > 1% of total reads containing that allele); iii) The allelic imbalance or departure from 491 bi-allelic balanced expression being inducible by an environmental trigger (i.e. LPS in ICD 492 ASE experiment with BMDM data). These stringent criteria secure robust transcriptome-wide 493 ASE discovery while maximising the usage of read counts from short read RNA-Seq datasets 494 without considering mono-allelic sites. MAE patterns are impossible to differentiate from 495 sequencing error or random nonsense mediated decay in bulk RNA-Seq, unless arbitrary cut-496 offs are introduced such as ratio of allelic read counts > 0.9 (Chamberlain et al., 2015) or > 0.7 497 (Cao et al., 2019). We decided to exclude MAE from this study for the aforementioned reasons.
498
The tissues utilised for ASE analysis in this study (thymus, spleen, liver and ileum) are 499 highly influential on performance of the immune system. ASE profiles shared across tissues 500 and cell types were limited and instead they tended to be highly specific. We identified tissue-501 specific ASE in several genes in Thymus, for example, that are involved in the T-cell mediated 502 immune response, including CD47 and CD244. These tissue-specific and cell-type-specific 503 ASE profiles may underlie the expression of economically important traits such as disease 504 resistance. Assessment of the connection between economically relevant phenotypes and 505 tissue-specific ASE profiles could be useful for the improvement of genomics enabled sheep 506 breeding programmes, particularly those using specialised sire and dam lines (Georges et In this study we characterise extreme to moderate allele-specific expression, at the gene 526 and SNV level, in immune-related tissues and cells from six adult sheep (TxBF) from the sheep 527 gene expression atlas dataset. Reference mapping bias removal was an integral component of 528 the analysis pipeline applied in this study. The correction of reference bias prior to obtaining 529 the allelic read counts is a critical step toward true ASE discovery. The workflow developed 530 as part of this manuscript provides an RNA-Seq only dependent tool, without the need for 531 individual DNA sequences. We note that the stringent filtering process applied would remove 532 loci where the allelic imbalance was less extreme but might still be of biological significance.
533
This study is a novel analysis of an existing large-scale complex RNA-Seq dataset from 534
sheep. Using the pipeline we have adapted for this analysis, we were able to identify ASE 535 profiles that were pervasive in each sheep and specific to the tissues and cell types investigated. 536
These tissue and cell-type-specific ASE profiles may underlie the expression of economically 537 important traits and could be used to identify variants that could be weight in genomic 538 prediction algorithms for the improvement of sheep breeding programmes. In summary we 539 have adapted a robust methodology for ASE profiling, using the sheep gene expression atlas 540 dataset, and provided a foundation for identifying the regulatory and expressed elements of the 541 genome that are driving complex traits in livestock. 542 543
Data Availability 544 545
The RNA-Seq sequence data is available via the European Nucleotide Archive (ENA) under 546 PRJEB19199 (https://www.ebi.ac.uk/ena/data/view/PRJEB19199). The BAM files were 547 already produced as part of the sheep gene expression atlas following the publicly available 548 protocol (FAANG, 2018) and as described in (Clark et al. 2017 Ref.dp = read counts for reference allele. Alt.dp = read counts for alternate allele. The y axis is 891 square root scaled. As discussed in the text SNP that display MAE are not present in any of the 892 samples analysed, indicating there was no inflation in either 0 or 1 allelic ratio. 893 894 Figure 4 . Genes exhibiting static ASE shared across tissues from all six sheep. A) genes shared 895 by four tissues with significant (FDR < 0.1) static ASE. B) ASE genes private to Ileum. C) 896
Private to liver. D) Private to spleen. E) Private to thymus. 897 898 
